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The theoretical foundations of the time domain measurement of spin-dependent charge carrier recombination 
by means of pulsed electrically detected magnetic resonance (EDMR are outlined. Pulsed EDMR is based on 
the transient measurement of electrical currents in semiconductors after a coherent manipulation of paramag­
netic centers with pulsed electron spin resonance (ESR. A model of spin-dependent recombination is intro­
duced combining features of previous models into one general picture that takes influences by spin-relaxation, 
singlet and triplet recombination as well as spin-spin interactions within recombining charge carrier pairs into 
account. Based thereon, predictions for excess charge carrier currents after short coherent pulse ESR excita­
tions are made which show that spin coherence in semiconductors can be observed by means of current 
measurements and hence, microscopic, quantitative information about charge carrier recombination dynamics 
by means of pulsed EDMR is attainable.
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I. INTRODUCTION
Magnetic resonance experiments such as electron spin 
resonance (ESR or nuclear magnetic resonance allow access 
to microscopic information about paramagnetic defects in 
semiconductors. In spite of this, it is difficult to obtain infor­
mation about the involvement of these defects in electronic 
transitions such as transport or recombination of excess 
charge carriers for instance. Therefore, experimental meth­
ods have been developed in the past that combine the micro­
scopic sensitivity and selectivity of magnetic resonance ex­
periments with other methods like photoluminescence PL 
or photoconductivity PC measurements. These combined 
experiments, often referred to as optically or electrically de­
tected magnetic resonance ODMR, EDMR take advantage 
of the spin dependency of electronic transitions which may 
exist in the presence of spin-selection rules. The discovery of 
spin-dependent recombination processes goes back to the 
first ODMR experiments carried out by Geschwind et al. in
1959.1,2 In these experiments, spin configurations of excited 
electronic states were manipulated with ESR, which led to a 
change of the decay rate that could be observed by PL. Ini­
tially, ODMR was carried out as continuous wave cw ex­
periment. In the mid 1970s however, first transient ODMR 
experiments were made which allowed the measurement of 
spin coherence through transient PL experiments.3 The time 
domain measurement of ODMR enhances the information 
attainable from this method strongly, revealing information 
such as coherence times and therefore transition probabilities 
or Lande-factor differences and spin-spin interactions within 
spin pairs. Soon after its development, transient ODMR be­
came a frequently utilized method for chemical reaction 
analysis and with the advent of commercially available 
pulsed ESR spectrometers in the early 1980s, optically de­
tected electron spin-echo techniques4-7 and optically de­
tected Rabi-beat oscillations8 were used for the investigation 
of atomic and molecular systems.
All of these developments in the ODMR community have
had only limited impact on EDMR and semiconductor re­
search. While cw ODMR has been used also for the investi­
gation of charge carrier recombination, pulsed ODMR on 
most semiconductors is difficult since longer wavelengths 
near IR are hard to detect on fast time scales and the PL is 
weak in some materials. Moreover, ODMR intensities do not 
necessarily reflect the dominant charge carrier recombina­
tion: Some radiative processes do not contribute to PC 
geminate recombination while other transitions that do con­
tribute are not radiative.
Thus, in order to investigate the influence of spin- 
dependent transitions on a sample conductivity directly, 
EDMR has to be carried out. Its development followed the 
ODMR method with a decade delay and was started by Max­
well and Honig9 who investigated the impact of ESR on 
spin-dependent scattering of charge carriers at impurities in 
1966. The first spin-dependent recombination path was ob­
served with EDMR by Lepine at the beginning of the 
1970s.10,11 When Lepine equalized the densities of localized 
charge-carrier pairs in triplet states and pairs with singlet 
content, an enhancement of the singlet density and hence of 
the recombination took place. The latter was detected by PC 
measurements. Since these first experiments were carried 
out, various recombination paths in inorganic12-19 and 
organic20-22 semiconductors, semiconductor hetero-
structures23,24 and devices,25-28 as well as interface
systems,29 were investigated with EDMR and much insight 
into the nature of spin-dependent recombination has been 
gained.
While the development of time-resolved ODMR pro­
gressed along with the development of pulse ESR spectros­
copy, pulsed EDMR is still a new and underdeveloped 
method. The reasons for this are related to the multiple chal­
lenges with regard to a sophisticated coherent ESR experi­
ment that has to be carried out on a conducting and there­
fore microwave absorbing sample and an appropriate 
detection setup for the subtle current changes which occur on 
a short time scale. In addition to these technical problems, no 
theory about the effects and processes which can potentially
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become visible by ‘‘pulsed EDMR’’ has been existing. A first 
time-domain approach to standard cw EDMR had been car­
ried out in 1999 by Hiromitsu et al.21 who recorded the ex­
ponential relaxation of a photocurrent through a polymer- 
fullerene heterojunction during and after a resonant 
microwave radiation had been imposed on the material. In 
these experiments, the microwave intensities and the time 
resolution were too low for the detection of coherent phe­
nomena. Applied to other semiconductor systems, a transient 
measurement of cw EDMR can only reveal spin-relaxation 
rates — an information that can just as well be obtained by 
ESR.30 Because of this, first experimental pulse EDMR ex­
periments were undertaken,31-33 demonstrating that short and 
coherent ESR excitation can lead to detectable recombina­
tion changes and that by means of pulse length dependence 
measurements34 spin coherence can be observed.
The goal of the study presented in the following sections 
is to provide a theoretical foundation for the pulsed EDMR 
experiments on recombination processes in order to have a 
basis for the interpretation of experimental results. Motiva­
tion of this work is to open up the experimental doors of 
EDMR to the world of coherent spin motion in order to make 
at least some of the wide range of effects utilized for pulsed 
ODMR and pulsed ESR available for the investigation of 
charge carrier recombination as well. Point of departure of 
this work is the formulation of a general model for the dy­
namics of spin-dependent recombination that unifies qualita­
tive features of many models developed in the past 30 
years10,11,35-43,12 into one set of properties. The insight ob­
tained from the theoretical descriptions will then lead to an 
assessment of the experimental feasibility of coherent spin 
motion measurements with recombination. This will lead to 
the description and the theoretical justification of the pulse 
EDMR experiment, where the dynamics of charge carrier 
spin pairs during an ESR pulse can be measured. Hence, 
with the theoretical basis for the time-domain measurement 
of spin-dependent recombination given, an interpretation of 
experimental data that has already been reported on in the
literature31-34 will be possible.
II. A GENERAL MODEL
After the first observation of conductivity related effects 
due to spin-dependent recombination by Lepine10,11 the num­
ber of qualitative models for the explanation of these mecha­
nisms has risen with the increasing experimental evidence of 
them in many semiconductor materials and devices. The 
original explanation given by Lepine is a simple thermal 
polarization model which predicted signal intensities qua- 
dratically dependent on the ratio of the applied magnetic 
field and the temperature. Moreover, at room temperature, an 
X-band EDMR experiment which is carried out at B ^  345 
mT would show a relative recombination change A R /R  of 
less than 10_6. These predictions were soon contradicted by 
experimental data11,19,25 which could not confirm the qua­
dratic dependency of R /R  on the B 0 field and on tempera­
ture and which revealed values of R /R  that were as much 
as two orders of magnitude stronger than predicted. Hence, 
polarization effects, which may or may not have an influence
are usually buried under a much stronger signal.
The realization that Lepine’s model could not account for 
the given observations sparked the development of a series 
of other approaches throughout the 1970s. Initially, other po­
larization models were developed, which attempted to take 
the huge signal into account by the assumption that a ef­
fective spins larger then 1/2 could exist due to ferromagnetic 
exchange35 that b clusters of paramagnetic centers, strongly 
coupled by exchange interaction, could exist36 or that c 
multiphonon self trapping processes, which increase recom­
bination through resonant heating37 are the origin of the ob­
served effects. However, all these models could not explain 
the absence of the T ~ 2 dependence and the first nonpolariza­
tion models were developed: Wosinski and Figielski38 at­
tempted to explain the EDMR data by exchange coupled 
centers in dislocations. Mendz et al.39,40 described a picture 
where a combination of spin-dependent recombination and 
spin-dependent trapping would cause the observed behavior. 
Again, both proposals also led to contradictive temperature 
dependencies.
In 1978, Kaplan, Solomon, and Mott41 developed another 
model of spin-dependent recombination (KSM model). In 
this proposal the qualitative properties were similar to those 
of the original simple model by Lepine. The spin dependency 
was solely based on spin conservation imposed by weak 
spin-orbit coupling as present for instance in crystalline sili­
con. The crucial difference to Lepine’s model was the idea 
that intermediate pairs of charge carriers out of which a re­
combination of the two pair partners is possible would exist 
prior the the actual recombination transition. The important 
qualitative feature of the intermediate pair is its exclusivity: 
The two pair partners may or may not recombine at a given 
moment; however, before they can recombine with any other 
charge carrier not involved in the existing pair, the pair has to 
dissociate and new pairs with new partners have to form. In 
the KSM model, the exclusivity is the only defining property 
of a given pair system, which means pairs can be tightly 
bound electronic states such as excitons as well as electron- 
hole pairs trapped at two localized band gap states which are 
in close proximity. In this case, the exclusivity is given by 
the high transition probability between nearest neighbors.
The advent of the KSM model marked a strong advance 
in the understanding of spin-dependent recombination with 
regard to the large signal, the temperature and the magnetic 
field dependence. Its simplicity and generality make it easily 
applicable to many materials. While the idea of the interme­
diate pairs solved many questions about spin-dependent re­
combination, it also raised new ones such as of the existence 
of spin interactions within a pair or of interactions between 
different pairs. The Kaplan, Solomon, and Mott assumption 
that the interaction between the pair partners is weak in any 
case can certainly not be generalized since spin-spin interac­
tion is highly dependent on the nature of a given pair system. 
In addition, triplet recombination was assumed to be negli­
gible as well, an assumption whose validity depends on 
whether spin-orbit coupling is negligible or not. Hence, after 
the proposal of the pair model, various other models fol­
lowed dealing with these additional aspects of spin- 
dependent recombination, most of which, however, utilize
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the idea of intermediate pairs in one or the other way. In 
1980, Movaghar et al. proposed a pair model in which a 
finite triplet recombination probability was introduced.44 
This assumption implies that ESR changes of spin-dependent 
recombination can actually lead to a quenching of recombi­
nation and hence, an enhancement of the photocurrent. The 
idea of triplet recombination was later pursued by Vlasenko 
et al.45 The question for the relevance of spin-spin interac­
tions such as spin-exchange and spin-dipole coupling has 
been discussed in recent years by Fukui et al.46 and Eick- 
elkamp et al.20 Both studies outline how a base change of the 
four energy eigenstates of spin pairs can influence the recom­
bination probabilities. Another important issue, especially for 
the understanding of EDMR line shapes, is the question for 
the influence of spin relaxation. A field that has been inves­
tigated in the early 1990s by Lips47 and by Barabanov et 
al.48-50
In the following, a qualitative model for the description of 
the nonsteady state of spin-dependent charge carrier recom­
bination is outlined. It combines many aspects of the previ­
ous models mentioned above in order to be as general as 
possible and, therefore, applicable to as many different sys­
tems as possible. Based on this approach, this model has the 
following qualitative properties:
1 Spin-dependent recombination takes place in the picture 
of Kaplan, Solomon, and Mott: Before an electron and a 
hole annihilate in a single electronic state, an intermedi­
ate pair state is formed.
(2) After intermediate pairs are generated, they can only be 
destroyed by recombination transitions or pair dissocia­
tion. In the latter case, the pair partners are not annihi­
lated and can return to the charge carrier ensembles.
(3) The charge carrier density and hence, the conductivity 
are considered to be in a steady state with pair genera­
tion, dissociation, and recombination. Therefore, the dy­
namics of spin-dependent recombination is governed 
solely by the spin dynamics of the pair ensemble. This 
assumption is reasonable as long as the relative photo­
current changes are small enough, such that second order 
effects are negligible — a condition which is, to the 
knowledge of the authors, fulfilled by all experimentally 
observed spin-dependent recombination paths.
(4) The intermediate pairs are systems of two S = 1/2 spins 
that have four spin eigenstates with respect to a given 
observable.
(5) Within a pair, spin-spin interactions such as spin- 
exchange and spin-dipole interaction are possible and 
can have an impact on recombination. The interactions 
are determined by the nature of a given pair.
(6) Spin-dependent recombination is caused by spin conser­
vation due to weak but in general not negligible spin- 
orbit coupling. Hence, the possibility of triplet recombi­
nation has to be taken into account.
(7) The interaction of a spin pair with its environment can 
cause spin relaxation. The impact of spin-phonon scat­
tering spin-lattice relaxation and dipolar coupling to
FIG. 1. The general picture of spin-dependent recombination 
illustrated for the example of recombination at a deep level center. 
Before an electron solid circle and a hole open circle can recom­
bine, intermediate spin pairs are formed temporarily which can exist 
in any of four energy eigenstates. The transition from these pairs 
into a singlet state makes the entire recombination process spin 
dependent. The illustration sketched in the circle depicts the four 
eigenstates of a spin pair and the spontaneous transitions by which 
it is created and annihilated.
spins in the environment of a pair spin-spin relaxation 
can therefore also influence the transient behavior of the 
recombination rate.
With the qualitative assumptions given above, the evolu­
tion of the recombination at a certain time depends solely on 
the evolution of the spin pairs. This approach dramatically 
simplifies the creation of an appropriate equation of motion 
for the given many-particle system because the set of exist­
ing spin pairs at any given time can be considered as one 
entity, a quantum ensemble of equal systems. The dynamics 
of this ensemble state is determined by the individual pairs 
whose evolutions depend on their pair Hamiltonian. Figure 1 
depicts the schematics of this model: External changes of the 
ensemble are due to the generation of pairs at equal rates G /4 
for any of the four eigenstates and recombination at the prob­
abilities r { for pairs in eigenstates |i) as well as the dissocia­
tion of pairs with probability d. Mathematically, the dynam­
ics of the pair ensemble can be described in terms of a 
stochastic Liouville equation,
c>tp=  fr[p , H] ' + ‘S[p]+'fc{p- p J . 1
in which the state of the ensemble is represented by the den­
sity operator p = p ( t). This operator describes a two spin 1/2 
system with four eigenstates and can be represented by a 4 
4 matrix by choice of an arbitrary base set. The use of 
stochastic Liouville equations for the description of recom­
bining spin pairs was originally developed by Haberkorn and 
Dietz51 and applied to systems with non-negligible spin re­
laxation by Barabanov et al.48-50 In these studies, the Liou- 
ville equations were only solved for steady state systems as 
given in conventional continuous wave cw EDMR experi­
ments.
The Hamiltonian H  in Eq. (1) describes a single system 
while the stochastic operator represents the external
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changes of the ensemble. The latter are creation and annihi­
lation rates which are a source of incoherence for the en­
semble state. This treatment of pair generation, recombina­
tion and dissociation is justified since these processes are 
spontaneous energy transitions in the system described. Fi­
nally, the operator in Eq. 1 describes influences of spin 
relaxation.
Once the time-dependent solution p ( t) of Eq. (1) is found, 
the pair recombination, and thus the photocurrent transients 
can be obtained directly due to assumption 3  of the quan­
titative model described above. With assumption 6 , the re­
combination rate R  ( t) becomes the sum of all singlet and 
triplet transitions
1
R (t)  = rs Tr[|S ){S \p (t)] + rT J ,  T r [ | (2)
i= — 1
which is dependent on the products of the transition prob­
abilities r i and the respective state densities. Since dissocia­
tion is assumed to be spin independent, its rate D ( t) 
= d Tr[p ( t)] is just a simple product of the dissociation 
probability and the spin-pair density. Another consequence of 
assumption 3 is that the generation rate G  of spin pairs can 
be considered constant. Experimentally, a constant charge 
carrier generation rate is achieved by using a cw light source. 
Note that this rate is not necessarily equal to the spin-pair 
generation rate. The latter depends on the charge carrier den­
sities that are to be changed due to recombination. Thus, G  is 
only constant to the first order; however, with relative charge 
carrier changes of less than 10 2, the second order contribu­
tions are negligible. Hence, the changes of the electron and 
hole densities
(3)
Anh(t) = — TLA R (t)=  r ^ R s  — R ( t )~\,
are determined by the dissociation change D ( t) and the 
recombination change R ( t) that are the differences of the 
dissociation and recombination rates from their steady state 
values D S and R S , respectively.
Equation 3 implies a proportionality of charge carrier 
density and lifetime. Together with Eq. 4 discussed below, 
we will even assume a proportionality between lifetimes and 
photoconductivity. Note that this assumption is valid in gen­
eral even for systems without proportional PC response since 
only small changes are introduced and therefore, the re­
sponse functions are valid only to the first order. Note also, 
that, for the same reason, the lifetime tl of the charge carri­
ers in Eq. 3 which is the average lifetime depending on all 
recombination processes that take place, can be considered 
constant, too.
Since the PC ph depends on the charge carrier densities, 
the change of the transient PC due to the influence of the 
dynamics of a spin-dependent recombination mechanism be­
comes
Acrph( t) =  e [A n e ( t)^ e  + A n h ( t ) ^ h l , (4 )
wherein e  is the elementary charge and i the mobility of 
electrons and holes, respectively. This set of simple equa­
tions Eqs. 2 -  4 provides a connection between the dy­
namics of the spin-pair ensemble and an experimentally ac­
cessible parameter, the conductivity or the current of excess 
charge carriers. This will be utilized for predictions of con­
ductivity transients during pulse EDMR experiments.
A. Hamiltonian of spin pair
The Hamiltonian Hp of an intermediate spin pair can be 
split into a time-independent and a time-dependent contribu­
tion H ( t) = H 0 + H  1( t) which represent the interactions of a 
pair system without the presence of an external radiation 
field and the radiation field, respectively. The interactions of 
the pair with the surrounding ensemble of many other pairs 
could actually be taken into account by a third contribution, 
a random fluctuation Hamiltonian. However, as outlined be­
low, this has already been accounted for by the Redfield 
operator in the Liouville equation. The first part
H 0 = MBg aSa'® + t^BgbSb-®-  J Sa' Sb_ D \ 3s as l — Sa-Sb]
(5)
consists of the Zeeman interaction of the two pair
partners a and b , the exchange coupling with coupling con­
stant J  as well as the dipolar interaction with coupling con­
stant D d taken into account in the high field approximation 
( \Dd\<\giiLBB |). Note that nuclear interactions of the two 
electronic spins are not considered in Eq. 5 . The latter may 
play a role when the spin-dependent recombination takes 
place in the vicinity of nuclear spins with I 0 such as re­
combination through phosphorus donor states. This however, 
is not discussed any further and considered negligible in this 
study. If the unperturbed, time-independent Hamiltonian in 
Eq. 5 is represented by a nondiagonal matrix in the product 
base , , , , it can be diagonalized by a 
unitary transformation
(  1 0 0 0\
0 cos (<f>) sin(<^ >) 0 
0 — sin(<£) cos (4>) 0
0 0 0 1 j
into the base of energy eigenstates T  , 2 , 3 , and T  
(indicated in Fig. 1). Note that U leaves the two states |T 
and T  unchanged. As the spin-spin in­
teractions increase, the states 2 and 3 change continu­
ously from product states with mixed symmetry properties 
into S and T0 states with purely antisymmetric and sym­
metric permutation behavior, respectively. This can be seen 
from the expression for the argument
1 l J + D d\
<7!
of the transformation matrix which approaches /4 as the 
spin interactions go to infinity. The Hamiltonian in the eigen- 
base becomes a diagonal matrix
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H  0
J + D d 0












whose elements represent the energy eigenvalues of the four 
states. In this form, the variable stands for the half of the 
frequency separation of the states 2 and 3
J  + D d)2 Ac
h 1
(9)
and (o0= (oa+ o)b and Aa>= a)a— o)b are the sum and the dif­
ference of the pair partners’ Larmor frequencies. The latter 
correspond to the energy splitting
hu>i = g i^B B 0 (10)
between the two spin states of each pair partner which are 
proportional to the externally applied magnetic field 
B 0,Bohr’s magneton /jlb and the Lande factors g i . Note that 
the Larmor frequencies are different in general due to the 
different effective Lande factors of the two pair partners a 
and b .
The second, time-dependent part H  1( t) of the Hamil­
tonian describes the electromagnetic radiation imposed on 
the pair as is the case, when an ESR microwave is used for 
the manipulation of the pair ensemble. The radiation at the 
location of the spin pair causes an oscillating magnetic field
Bx( t) = x B 1 e ( — i^t) 11
with frequency co and field amplitude B 1. In the frame of the 
rotating magnetic field, also called a rotating Bloch sphere 
representation (see Ref. 52), the radiation amplitude behaves 
like a constant magnetic field vector so that the Hamiltonian
H 1 “  g a^BSa‘Bl + g b^BSb‘ B1 12
becomes time independent as well. With the introduction of 
H 1, all necessary parts of the Hamiltonian needed for the 
description of EDMR experiments are given.
B. Electronic transitions
As outlined above, spin pairs are assumed to recombine at 
different probabilities rS and rT out of pure singlet (pairs 
with pure permutation antisymmetry and triplet states pure 
permutation symmetry , respectively. Due to the base change 
induced by spin-spin interaction, the recombination from the 
|2)- and |3)-energy eigenstates in Fig. 1 will have different 
recombination probabilities
r ^ rS ( i S >l 2+ rA (A T  0>l2 13


















rT rT . (14)
Note that the two unchanged states T  and
= |T -)  retain their recombination probability rT, indepen­
dently from the strength of spin-spin interactions. Equation 
14 shows that recombination from spin pairs strongly de­
pends on the spin-spin interactions and the Larmor separa­
tion when rT< r S. With the introduction of these eigenstate 
recombination probabilities, the annihilation part S an[p (t )] 
of the stochastic term S [p ( t )] = <San[p ( t )] + <Scr[p ( t )] in the 
Liouville Eq. (1) simplifies drastically and in the base of 
energy eigenstates and under consideration of the recombi­
nation term as defined by Haberkorn and Dietz, 
elements become
51 its matrix
= {ri+ rj + 2 d) ^ . 15
Similarly, the expression for the pair recombination rate [Eq. 
(2)] simplifies to the term
^ 0 = 2  r iPu i 1
16
which leads together with Eq. (4) to a general expression
4
r i
Ao-ph(^ ^ t d f L e ^ i P i i W - p ^  ^  - j — ), (17)
i 1
for the transient photocurrent change ph induced by a 
resonant microwave field. This result reveals a quite new 
insight: The sign of the PC change induced by a change of 
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the recombination and dissociation probability as well as the 
electron and hole mobilities. Therefore, the presence of finite 
triplet recombination and spin-spin interactions can deter­
mine whether an ESR-excited spin-dependent recombination 
path causes a photocurrent increase (enhancement) or de­
crease (quenching. This is in contrast to the models de­
scribed in Refs. 41,13, and 47 in which the steady state of the 
pair recombination always marked a minimum and ESR- 
excited photocurrent changes could only introduce photocur­
rent quenching. A recombination quenching due to ESR in 
teraction has been described before by Movaghar et al. 
However, this effect is solely due to the existence of non- 
negligible triplet recombination unlike the quenching effect 
described above that can exist in absence of triplet recombi­
nation as well.
III. CONCEPTUAL IDEA OF A PULSED EDMR 
EXPERIMENT
Based on the general model and mathematical foundation 
described above, predictions for the transient behavior of a 
spin-dependent recombination mechanism during and after a 
strong resonant microwave interaction can be calculated. 
‘‘Strong’’ in this regard means that the intensity, and hence, 
the radiation field B 1 of the resonant microwave is high 
enough such that a significant motion of a given spin pair can 
take place before a spontaneous (‘‘incoherent’’) process oc­
curs. The motivation for the observation of coherent spin 
motion lies in the range of information that can be obtained 
from it. Since observation implies incoherence, the decay of 
an observable that represents a coherent propagation reveals 
coherence times — in the case of recombination an impor­
tant parameter.
First however, an overview shall be given about the pulse 
EDMR experiment that allows the measurement of the time- 
domain of spin-dependent recombination. The main idea is 
to obtain information about spin-dependent recombination in 
a given semiconductor material by measuring the excess 
charge carrier conductivity transient after an intensive micro­
wave burst. Figure 2 is an illustration of the temporal devel­
opment of the spin ensemble and the recombination during 
an experimental shot on a logarithmic time scale. Note that 
the displayed plots neither represent experimental nor simu­
lated data. They are intended to visualize the different pro­
cesses that take place during and after a microwave pulse is 
imposed on one or both partners of a given spin-pair en­
semble. The explanation of these processes is the central 
point of this study.
Before the experiment is started, the pair ensemble has to 
be brought into a defined initial state. The easiest way to do 
this is to allow the system to relax into its steady state by 
application of continuous light irradiation, a constant mag­
netic field and an applied constant voltage Fig. 2 a . Since 
spin pairs are always generated in energy eigenstates gen­
eration is an incoherent process in the sense of the definition 
given above , only a few pairs with singlet content will exist 
in the steady state and thus the defined initial conditions are 
given. Note that the time which a given pair ensemble needs 
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FIG. 2. The sketch of the conceptual time line of the pulsed 
EDMR experiment. A microwave pulse causes Rabi oscillation (b) 
that changes the pair ensemble from the steady state a . Because of 
this, fast dephasing Larmor oscillation takes place after the pulse 
(c). When the spin ensemble is dephased, the recombination rate is 
solely determined by incoherent processes which lead to a change 
of the recombination rate increase right after the pulse into a tem­
porary recombination quenching d before the ensemble relaxes 
back to its steady state (e). Note that the figure is just an illustration 
that does not reflect any experimental or simulated data.
a lower limit on the length of the shot repetition time be­
tween two consecutive experiments. The initial steady state 
of the photocurrent as well as the eigenstates of the spin-pair 
ensemble are illustrated in Fig. 2 a in the time domain, be­
fore the resonant microwave pulse begins.
When a microwave radiation with a frequency close to the 
Larmor frequencies of either one or both spin-pair partners is 
switched on, the spins begin to precess about the net mag­
netic field consisting of the externally applied magnetic field 
B0 and the microwave field Bj. This Rabi oscillation is illus­
trated in Fig. 2 b and can be easily described by means of 
rotation operators as it will be shown in Sec. V. The different 
Rabi precessions of the two spin-pair partners and the result­
ing oscillation of the recombination rate is illustrated in time 
domain b of Fig. 2. It takes place as long as the microwave 
is switched on and it is a purely coherent process when the 
microwave pulse length is much shorter than recombination 
times and spin-relaxation times.
After the microwave burst, the Rabi oscillation stops and 
the pairs will no longer be in energy eigenstates. Because of 
this, the spin pairs will carry out Larmor oscillation which is 
the precession about the constant magnetic field that remains 
applied. Due to the different Larmor frequencies of the pair 
partners, a Larmor-beat oscillation will take place that is re­
flected by the recombination rate. The influence of Larmor 
beats of charge carrier pairs after ESR excitation on recom­
bination rates has been studied before by Boehme et al.53 
The central message in this study is that material and mag­
netic field inhomogeneities lead to distributions of the 
Larmor-beat frequencies within the pair ensemble and a fast 
dephasing is likely. This implies that an oscillation of the 
recombination rate after an ESR excitation is likely to be 
attenuated rapidly, much faster than recombination is able to
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reflect. The Larmor-beat oscillation and the subsequent 
dephasing are depicted in the domain c of Fig. 2. Once the 
dephasing has prevailed, coherent spin motion cannot be re­
flected by the recombination rate anymore. Because of this, 
the further evolution of the recombination rate is determined 
solely by incoherent processes: New spin pairs are generated 
in eigenstates and the subensemble of spin pairs in noneigen­
states gradually disappears due to recombination and disso­
ciation. Since the dephasing leads to a complete cancellation 
of all phase information, the description of these incoherent 
processes can be done with simple rate equations. With re­
gard to the density matrix description of the spin pair en­
semble, this means that all 12 off-diagonal elements vanish 
and only the four diagonal elements are sufficient to describe 
the dynamics of the pair ensemble accurately. Due to the 
presence of three different recombination probabilities 
(r T, r2, r3) in addition to the spin relaxation and pair dis­
sociation, the return of the recombination rate back to its 
steady state turns out to follow a multiexponential transient 
and, as will be shown, it can even lead to temporary quench­
ing of the recombination rate relative to the steady state as 
depicted in time domain (d) of Fig. 2. Remarkably, the mag­
nitudes of the different exponential functions turn out to be 
dependent on the spin-state densities in the moment when the 
pulse interaction ends. This realization, which is explained in 
detail in Sec. IV C paves the way to the measurement of 
coherent spin motion by means of PC measurements: For 
experiments where a small signal amplitude prohibits a time 
resolution in the nanosecond time domain, the transient be­
havior during the microwave pulse can be reconstructed 
from the photocurrent transient in the /xs range.
In the following section, a description is given that out­
lines how the PC relaxation due to slow, incoherent recom­
bination transitions after a coherent ESR excitation depends 
on the state of the ensemble right after the microwave pulse. 
Once this connection between the photocurrent and the en­
semble state is made, a section dealing with the coherent 
propagation during the microwave irradiation the Rabi os­
cillation will follow. Thus, it will be possible to give a com­
plete description on how to extract information about a re­
combination channel and the coherent spin-motion of 
charge-carrier pairs from the magnetic field sweep, pulse 
lengths and intensity dependencies of pulse EDMR experi­
ments.
assumed in the following, that the experiments described are 
carried out at sufficiently low temperatures such that the 
spin-lattice relaxation does not play a role. The absence of 
spin-lattice transitions reduces the number of incoherent pro­
cesses that influence the recombination transients to spin- 
spin relaxation and the electronic transitions such as pair 
recombination and dissociation. This simplifies the data in­
terpretation of experiments and also the theoretical consider­
ations here.
A. Influence of spin-spin relaxation
Spin-spin relaxation transitions cannot be neglected in 
general, since they are faster than spin-lattice processes and 
much less temperature dependent and hence less controllable 
by experimental conditions. As illustrated in Fig. 1, spin-spin 
relaxation causes transitions between states 2 and 3 only. 
This can be deduced from the a generalized relaxation theory 
developed by Redfield54,55 which is based on a description of 
relaxation by means of a fluctuation Hamiltonian that im­
poses a perturbation of a given system. The insight gained by 
this quantum mechanical approach is not surprising: Unlike 
spin-lattice relaxation which is an energy transfer process 
where energy from phonons is absorbed into Zeeman levels 
or vice versa, spin-spin relaxation processes are rather phase- 
relaxation processes.
B. Influence of recombination and dissociation
From the rate picture given in Fig. 1, an ODE system
G
$tP 11,44 "4 (d + r T)P 11,44,
G 1
(18)
$tP22,33 4 ( d + r 2,3+^ |P22,33 +
33,22
2
can be formulated which has a constant coefficient matrix. 
Note again that now, all the off-diagonal density matrix ele­
ments are ignored since total phase loss is assumed. The 
solution of this ODE system can be obtained by addition of 
the general solution of the inhomogeneous system to the 
steady-state solution of the inhomogeneous system. The 
steady state solution
IV. INCOHERENCE
The processes involved in the slow photocurrent relax­
ation after a short ESR excitation of the spin-pair ensemble 
are illustrated in the rate picture of Fig. 1. Therein, the eigen­
state densities are represented by the diagonal elements of 
the density matrix . Note again, that the applicability of this 
picture requires that phase loss within the ensemble due to 
strong Larmor dephasing has prevailed53 such that all off- 
diagonal matrix elements vanish.
In the rate picture of Fig. 1, no spin-lattice relaxation has 
been taken into account. Since spin-lattice relaxation is a 
phonon-scattering process,30 it can generally be controlled by 







4 d Jr r T’




d  + r 2d + ^ T  + r 3d + r2r 3 + — + —
T 2 T2 T 2
is indicative of the nonequilibrium situation that exists, when 
different recombination probabilities are present. As ex­
pected, when rS> r T, d , the ratio between the densities of 
states with and without singlet content becomes small 
( 22,33 !p\ 1,44<^ 1), independently of the spin-spin relaxation
4 r
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rate. The general solution of the homogeneous part can be 
obtained from the eigenvectors of the constant coefficient 
matrix
v 1 = [ 1,0 ,0 ,0 ],
v 2= 0 , y  O 3- r 2 + £ ) ,1,0
O J .y  (r 3-  r 2 ~ £ ) , 0
v 4 = [0,0 ,0 ,1] 
and their respective eigenvalues
tS ' = -  ( d + r T),
(20)
t" 1 = - T 2 2
21
_  , _ r ± _
T 2 2 2 2 ,
with
^ = y T ^ + {r 3 - r ^ 2.
T 2
From the eigenvalues, it becomes immediately clear that the 
photocurrent transient in the incoherent time domain is de­
termined by a multiexponential decay with three time con­
stants 7y,m,s (here, “s ’’ stands for slow, ‘‘m ’’ for medium, 
and ‘‘f  ’’ for fast), independently of the spin-spin relaxation 
strength. Since the dissociation probability d  is assumed to 
be low, it does not play a determining role for any of the 
three time constants. Thus, when the spin-spin relaxation rate 
is low, the time constants of the three exponentials are deter­
mined by the three recombination probabilities ( rs = r T , rm 
= r2, Tf= r3). When it is strong, the three time constants are 
the triplet recombination probability ( r s^ r T), the average of 
the recombination probabilities 2 and 3 
( r m^  1/2(r2+ r3))and the spin-spin relaxation probability 
( r 2/T2), respectively.
C. Pulse length dependence of recombination decay
For an illustration of the qualitative behavior of the re­
combination and therefore a photocurrent transient in the 
long incoherent time domain after the pair ensemble is ex­
cited by a short, coherent and resonant pulse with length , 
we consider the case where r3> 1/T2^ r2>  rT> d , in the fol­
lowing. According to Eq. (19, the initial steady state of the 
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0 0 0 Ps l
rs_
(22)
under these conditions. The pulse interaction does not 
change the absolute number of spin pairs, if pair generation, 
recombination, and dissociation during the few nanoseconds 
of the pulse are negligible. Thus, when coa—(Db< y B  1, the 
triplet densities 11,44 are reduced equally by a relative den­
sity change
- A ( t)==
P11,44(r ) P 11,.44
Tr[p S]
(23)
and the 2,3-densities 22,33 are enhanced by relative changes
P22,33(r ) _  P22,33 I J  + D d
Tr[p S]
1 , 24
which depend on the spin-spin interaction. Note that under 
experimental conditions, the loss of spin pairs may not be 
negligible especially when the pulse length is not in the 
lower ns range anymore. The spontaneous decay of spin pair 
due to recombination will eventually lead to a decrease of 
the detected Rabi oscillation. After all, this effect is the rea­
son why coherent spin motion experiments reveal quantita­
tive information about the electronic transitions. Equations 
23 and 24 as well as an expression for ( ) will be 
derived in Sec. V where a detailed explanation of the en­
semble changes during the microwave excitation is given. 
Note that the sum of the relative density increases of 22 and 
33 are equal to the density decreases of the 11 and 44 , 
which confirms the conservation of the spin pairs due to the 
absence of incoherent processes during the microwave pulse. 
Based on the definition of the relative density change ( ) 
as well as the conditions mentioned above, the transient PC 
given in Eq. (17) becomes
eTjdiJLeG /
A^ ( t ) = - ^ T “  2(2  r- l ? ± -  1 |e “ (rT+d)td l^e
- ' T P -  1 H 1 +d e
-[ d + (1/T 2H( r 2/2)] t
1 _  J  + D
d ixe \ ha)A
d
-r 3t A (r) (25)
which is a multiexponential decay that reflects the decay 
rates of the different spin-pair states. Note that the prefactors 
of the exponential functions can be positive and negative, 
which means that the PC transient can have values below 
recombination enhancement and above recombination 
quenching its steady-state value. This is an important real­
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FIG. 3. Simulation of the theoretical recombination transient in 
the coherent regime during the ESR pulse (a) as well as in the 
incoherent regime after the ESR pulse has been turned off (b). Note 
the different scales on the time axis. In addition, the simulation of 
the recombination response of a nonideal detection setup assumed 
response time 10 s is shown in b dashed line . For this simu­
lation, a gaussian distributed Rabi oscillation that is peaked at 
=»31X106 s_1 and values of rj= 106 s_1, rm = 104s-1 and rs= 5 
X 103 s-1 are assumed. In plot (c), A(t) as defined by Eq. (25) and 
determined at a time j s after the pulse has been turned on, is 
plotted as a function of the ESR pulse length . Obviously, plot c 
replicates the real-time recombination transient as simulated in a . 
The dashed vertical and horizontal lines indicate how from a mea­
surement of AR (j s) at time j s the nanosecond propagation of 
AR (t) during the pulse can be reconstructed.
means of ESR has often been attributed to spin-dependent 
transport processes only13—Eq. (25) shows that a recombi­
nation quenching can also be due to a spin-dependent recom­
bination process. Note that the recombination probabilities r 2 
and r 3 depend on the spin-spin interactions according to Eq. 
(14 . This means however that when rT< r 2< r 3 (as assumed 
above , the spin-spin interaction must be relatively large 
[(J + D d/f t« A) ^  1] which reduces the prefactor of the last, 
fast exponential decay in Eq. 25 . An example of a recom­
bination transient after a coherent excitation is displayed in 
the plot of Fig. 3 b which is a simulation based on the 
conditions assumed above. One can clearly see that the re­
combination transient changes from an enhancement right 
after the pulse into a quenching before the steady state is 
regained. The explanation of this effect by means of the 
equation above is straight forward: Note that in the real time 
transient solid line of Fig. 3 b , only two different time 
constants are visible—the influence of the fastest time con­
stant is not visible i because of the time resolution and ii 
because the signal amplitude of the respective exponential 
decay function is too small.
Expression 25 does not only explain the possible exis­
tence of resonantly excited photocurrent enhancing and 
quenching signals, it also shows that the recombination rate 
R  ( j s) at any given time j s after the pulse is proportional to 
the change of the spin state densities ( ) . This is only valid 
if the Larmor oscillation right after the pulse has dephased 
completely. Since A(t)=cR ( s , r),  the measurement of re­
combination at an arbitrary time j s after the end of the pulse 
as a function of the pulse lengths allows to access the recom­
bination rate during the pulse when the experimentally avail­
able time resolution of the current detector is insufficient for
the measurement in the ns time range. Figure 3 illustrates the 
idea of this measurement. The dashed line in Fig. 3 b shows 
the recombination transient given in the solid that will be 
measured when the detection setup has a response time 
10 /as . This is orders of magnitude slower than what would 
be necessary for a real time measurement during the short 
pulse. When R (^  s, t)  is measured as a function of the pulse 
length r, the dynamics of A (t) can be accessed on a time 
scale whose resolution is only determined by the resolution 
of the microwave pulse generator. According to Eq. (25), an 
indirect measurement can also be carried out by an integra­
tion of the entire photocurrent transient between the end of 
the pulse and the relaxation back to the steady state. Such a 
measurement oppresses low frequency noise and hence in­
creases the signal to noise ratio.
With Eq. 25 given, it is shown, that the photocurrent 
relaxation of pulsed EDMR depends on the spin-pair en­
semble state after the short, resonant pulse. Thus, for a com­
plete understanding of pulsed EDMR, a discussion of the 
pulse interaction itself is necessary. The variable A ( t) de­
pends on the pulse length, the microwave frequency and in­
tensity as well as the magnetic field and the Lande factors of 
the respective pair partners. All of this will be explained in 
the following section. In addition, an understanding of the 
line shape of the photocurrent transients, which means their 
dependence on the externally applied magnetic field, is de­
veloped and the nature of coherent spin effects reflected by 
A (t) is explained.
V. RABI OSCILLATION
The motion of a spin-pair ensemble in presence of a mi­
crowave is described by the general solution of the Liouville 
equation [Eq. (1)] when the perturbation Hamiltonian H 1 of 
Eq. 12 is included. This leads to an inhomogeneous system 
of ODEs whose coefficient matrix has a low zero density and 
is highly nondiagonal making the calculation of an analytic 
solution as obtained for the off-resonant case extremely te­
dious. Therefore, a different approach is undertaken in the 
following, wherein the change of the ensemble is described 
solely by its coherent propagation and spontaneous transi­
tions are considered to be nonexistent. When the time range 
on which the microwave-induced spin-pair propagation takes 
place is sufficiently short in comparison to the recombination 
and relaxation times, this approach is highly accurate. The 
negligence of incoherent transitions has the advantage that 
time-domain solutions of the Liouville equation can be ob­
tained without solving a complicated system of differential 
equations. One way to find such a solution is to use the 
Liouville equation in its integrated form p ( t)  
= exp(—iH/h)pS exp(iH/ft), which is simply the initial state 
pS transformed by the Schrodinger time evolution operator. 
This approach yields exact analytic solutions which again are 
too lengthy for the derivation of useful analytic expressions. 
Another way is to describe the spin propagation by means of 
rotations induced by the magnetic fields B0 and Bj. The 
theory of rotational operators is outlined in standard quantum 
mechanics textbooks such as the book by Sakurai.56 The only
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difference of this approach in comparison to the calculation 
by means of the Schrodinger operator is the neglect of the 
mutual spin interactions in the precession picture. While the 
rotations due to constant and oscillating external fields can 
be put in mathematical terms with unitary transformations, 
the consideration of interactions between the pairs would 
again require the use of differential equations. This however, 
would make is description even more complicated than the 
original approach with Liouville equations. The neglect of 
the spin-spin interactions solves this problem, however, it 
raises the question whether this is a realistic simplification, 
especially since spin-spin interactions have turned out to be 
of great importance for instance for recombination see Eq.
(14)] or the eigenbase of the spin-pair system [see Eqs. (6) 
and (7 ]. In most of the experimental situations, the spin-spin 
interactions are weak in comparison to the Zeeman interac­
tions ((D d+ J)< coa ,b), and since the experiments for which 
the considerations in the following sections are made are 
carried out with strong microwave radiation, one can assume 
that the spin-spin interactions are weak even in comparison 
to the microwave fields [(D d + J ) ^ h y B  J .  Because of this, 
the field-induced precession will always be much more rel­
evant than the interaction related precession and hence, the 
assumptions made above are correct for the spin motion. 
Note that the negligible impact of spin-spin interaction on 
the absolute spin motion does not imply that the impact on 
the relative spin motion between the two spins is negligible 
as well. The latter will become important for the calculation 
of the different Rabi oscillation within the spin pair as shown 
in Sec. V A.
Both, the B0 field induced Larmor oscillations and the Bj 
field induced Rabi oscillations involve spin rotations. When 
the operator
« S' " '
llcosl 2  —i a n s in  2 26
represents a rotation of a spin-1/2 by an angle 4> about 
an axis n (Ref. 56) (I—unity operator), the impact of a 
microwave pulse of length and frequency on a 
spin-1/2 with Larmor frequency <aa is equivalent to the 
transformation





is the Rabi frequency and
nn=cos(<p )z ' + sin(<p )x ' = a
B 1
- n - x '  (29)
is the rotation axis of the Rabi precession in the rotating 
frame K . The latter is a frame of reference in which the
FIG. 4. The illustration of the motion of a spin S exposed to a 
constant magnetic field B0 and a microwave Bx in the observer 
frame K and the the rotating frame K . For details see text.
oscillating radiation field Bj remains at rest along its polar­
ization axis x '. Note that therefore, X>(7\&>,&>a) actually con­
sists of three rotations: The transformation into and out of the 
rotating frame and the Rabi precession about the net mag­
netic field Bnet, which is tilted away from the z axis by the 
angle . Figure 4 illustrates this sequence in the geometric 
space.
For a pair of spins Sa and Sb with different Larmor fre­
quencies co a and « b , the representing Hilbert space has to be 
extended into a product space 4 2 2 and hence, the 
transformation
a ,&>b) = 'Da{ ^ ® T > b { t ,(o,(ob) (30)
is a product of the two single spin motions. The evolution of 
a spin-pair ensemble which has a state p S at time f= 0  during 
the pulse can then be obtained from a transformation
p (T) : 31
This expression is a simple multiplication of 4 4 matrices 
which requires much less computational power than finding 
the solution of a complicated system of ODEs. The propaga­
tion of the spin ensemble is reflected in the ensemble state
a
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p ( t)  after the microwave pulse. Note again that the descrip­
tion of the spin-pair motion by unitary transformations im­
plies the negligence of any incoherent process during spin 
rotation. This is a realistic assumption for most experiments 
since commercially available X-band pulse ESR spectrom­
eters allow B 1 strength in the lower mT range resulting in 
Rabi oscillations with cycle durations in the lower ns range 
for 2. Thus, for recombination and spin relaxation times 
beyond this time range, the results obtained from the ap­
proach presented here are highly accurate.
For the simulation of the spin ensemble’s motion during a 
resonant excitation, the inhomogeneity of the two Lande fac­
tors has to be taken into account. This can be done by a 
double integration
Pnet<0=  J J d<oadu)b <&a{u)a)® b{u)b)
X D ^(t, « , « a , « b)pSV ( T,a>,a>a , « b) (32)
over the distributions a( « a) and b( « b) of the Larmor 
frequencies « a and cdb, respectively. Under consideration of
Eq. 26 , the matrix representation of Eq. 30 in the product 
base has the form
X>(T,M,Ma ,<»b)z
/ r r a b a b r r  \
r r e J b - r r - r r
Tag - r r l ae - r r
\ r r r r r r r r  /
in which the constants represent
Ha,b= co^ 1/ ^  a, bT) + i s in  1/20  a, b?) c o ^  a ,b) >







cos (fa, b = ^ ------ and smpa y
,b a,b
This expression can now be plugged into Eq. 31 in order to 
calculate the evolution of a pair ensemble which propagates 
from a steady state pS before a pulse of length into a 
nonsteady state p ( t )  after at the end of the pulse. For sim­
plicity, pS is assumed to be the same as in Eq. (22), as de­
fined in Sec. IV C. The result of this triple matrix product 
leads to a matrix
J
p S
I i m 2+ i r n 2 r r a n 2- i r i 2) r n i r i H r i 2
r l 2) I r r i 2+l r n 2 2 f ar r r
^b| 2^  a gb |^a£b| 2 ^ | £a ^ ;b| 2
2gae t at b m i r i 2- i r i 2) W ( \ c a\2- \ n 2)
r r a r l 2 
m i r i 2
2 r r r r  \ 
r r < i n 2- i n 2) 
r r a r l 2- \  r l 2) 
i r r i  2+ i r r i 2
35
that allows to derive useful analytic expressions for various 
cases that are considered in the following.
A. Spin-spin interactions
The matrix p ( t )  represents the coherent spin motion of a 
spin-pair ensemble for the product base, which means for a 
base of energy eigenstates that exist in absence of any spin- 
spin interaction. The assumed initial steady state Eq. 22 
of the pair ensemble on which the pulse transformation Eq.
30 is imposed, is independent of the eigenbase shift Eq. 
(6)] caused by spin-spin interactions. Thus, in order to obtain 
the eigenstate density matrix pE after a resonant pulse under 
consideration of the spin-spin interaction, one has to carry 
out a transformation
E [U(<f>)p(T)u f(<£) 36
in which the matrix U(<f>) depends on the spin-exchange and 
spin-dipole interactions J  and D d, respectively, according to
Eqs. ( 6  and (7). Together with Eq. (35), this transformation 
yields for the diagonal elements in the eigenbase the form





-&w( t  ),
wherein the constants Au( t) ,  Ay(T), Aw( t), stand for three 
pulse length dependent parameters
A V H r r i  2+ i m 2
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FIG. 5. Sketch of the four energy levels of the spin pair and 
allowed Rabi oscillation induced changes between them for the 
three cases of a the absence of spin-spin interactions (J Dd 
0), b medium spin-spin interaction (J Dd ), c strong
spin-spin interaction (J D ). The thickness of arrows indi­
cates transition probabilities. For more details see text.
2+l i at? \ 2 
a21 a ' 2| ft a?c o n  - ^ l + s i n 2 —  Jcos2(ipa)
2 b 2 Xsm2j - ^ - j  sm2(<p b  +




sin2| sin2( c p j ,
39
and
extremes, the density changes of the states 2 and 3 will 
become stronger and weaker, respectively, with increasing 
spin-spin interaction and the Rabi oscillation from and to the 
states 2 and 3 is unequal according to their respective 
singlet and triplet content see Fig. 5 b . In the following, 
the evolution of the state densities given in Eqs. (37)-(40) 
are discussed for the limiting cases of small and strong Lar- 
mor separation between the pair partners.
1. Small Larmor separation (oja—oib^ .y B x)
When the two resonances are very close, the Larmor fre­
quencies approach a common value mL and thus both spins 
in a pair oscillate at a single Rabi frequency fl 
= V t2B 1+ (to— ml )2. Under this condition,
cos a cos b
o>-o>L
~ D ~ "
41
sin a sin b
J B 1 
fl '
and therefore, Eqs. 38 -  40 become
Ay(T) = Aw(T) = sin2(f!r)
2








2 cos ^ - j  sin(<Pa) sin(<pb)
. 2|' n ^  . 2/ n b n+ 2 sin2 ——- sin2
2 2
cos a cos b sin a sin b . 40
Equation (37  shows how the spin-spin interactions can gov­
ern the Rabi oscillation induced changes between the energy 
eigenstates of the spin pairs. The underlying principle behind 
this spin-spin interaction dependence becomes clear with the 
graphic illustration given in Fig. 5: The Rabi oscillation 
caused by the microwave radiation can only rotate spin states 
with S 0. With regard to the spin pairs which are two spin- 
1/2 systems, this means that triplet states can be rotated 
while states without triplet content remain unchanged by any 
microwave radiation. Thus, when the spin-spin interaction is 
weak (J Jr D d< h a >A)and the eigenbase consists of the prod­
uct states, the states 2 and 3 have equal 
singlet and triplet content. Consequently Rabi oscillation 
from and to these states are equally strong see Fig. 5 a . 
When spin-spin interaction is very strong (J  D d ) the 
eigenstate |2 ) becomes a triplet state | T0) and its density will 
double. In contrast, state 3 which now turns into a pure 
singlet state S  , will remain unchanged during Rabi oscilla­
tion see Fig. 5 c . In any other case in between these two
+ 2 sin4( f ir )




A“(r)  = 1 - A y( r ) = 1 -  Aw( t) = : 1 - A ( t).
When the results of Eq. (42) are plugged into Eq. (3 7  the 
relative density changes can be calculated under consider­




for the triplet state densities and
= — A(r) 43
P22,33^~P22,33 I . J+  D d\ . . ,
’ - = ( 1 ± - -----  A (r)
T r S fi. ma
44
for the 2,3-densities. These are exactly the forms that were 
already introduced in Eqs. (23  and (2 4  of Sec. IV C. Along 
the way, the analytic form of the relative density change 
( ) has been deduced as well: If the microwave frequency 
is in the vicinity of the spin resonance (w — ioL< y B  1), the 
relative density change
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is an oscillating function whose frequency is twice the Rabi 
frequency. This shows that due to the strong spin-spin cou­
pling, the spin pair behaves like a S  1 spin and, as a result, 
its Rabi frequency is twice as high as the Rabi frequency of 
an S = 1/2 system.
As mentioned above, in the description of the spin-pair 
evolution by precession in the rotating-frame Bloch-sphere 
picture the influence of the spin-dipolar interaction on the 
relative motion of the two pair partners is neglected. This 
influence, generally negligibly small, becomes relevant when 
the two pair partners move in an absolute identical manner, 
as it is the case, when both have the same Larmor frequency 
and are exposed to the same external magnetic field and the 
same microwave radiation. Thus, in order to find an expres­
sion for the influence of spin-spin interaction on the Rabi 
oscillation in Eq. 45 , one has to solve the eigenvalue equa­
tion which results from the description of the spin motion by 
Schrodinger’s time evolution operator as explained at the 
beginning of this section. While it is difficult to obtain a 
solution for the time evolution for reasons mentioned in the 
first paragraph of this section , it is quite feasible to calculate 
the oscillation frequencies of the precession which are just 
the eigenvalues of the pair Hamiltonian. This yields a Rabi 
frequency O = ^/y2B 1 + (3D d/4ft)2 for the case of small Lar- 
mor separation and in the vicinity of the resonance condition 
(«  — Ma ,«  — u>b< D d/ h ) . An insight that will play a role for 
dephasing processes that are discussed in Sec. V C where 
dephasing will not only be determined by Larmor frequency 
and B 1 -field inhomogeneities but also by the distribution of 
spin-dipolar coupling within the pair ensemble.
2. Large Larmor separation (ata— atb^ y B x)
When the Larmor separation of the two spin partners be­
comes large, an evolution of the spin-pair ensemble takes 
place when the microwave frequency is in the vicinity of 
either a or b . Due to the symmetry of these two cases, we 
can discuss the first of these two cases without confinement 
of generality. This implies that b B 1 and hence, 
n b= w —a>b , cos >^b= 1 and sin >^b= 0 in Eq. (34) which 
causes Eqs. (38)-(40) to attain a form
Aw( t)  = 0 ,
r 2B 1 . 2(n a T \  
^ sin hA“(r) = 1 - — ^ s W H H  = 1 -A ( r ) .  (46)
Pn,33(T) P22.33
= A (r) 48
for the 2 , 3 -densities. Again, a form similar to the ex­
pression used in Eqs. 23 and 24 of Sec. IV C has been 
obtained and an analytic form of the relative density change 
( ) is derived. However, note that in opposite to the case of 
small Larmor separation, the influence of the spin-spin inter­
actions on the density changes of the states 2 and 3 has 
vanished. Similar to case 1 discussed above, the relative den­
sity change
A( r) = —
2
1 cos a (49)
is an oscillating function. Unlike the oscillation in Eq. 45 , 
the frequency in Eq. (49) is just the Rabi frequency O a . This 
indicates that only one spin partner is moving about the B 1 
field and that the observable reflects the motion of only one 
spin.
B. Line shapes of pulsed EDMR signals
The derivation of an expression for ( ) does not only 
provide a connection of the pulse induced PC changes ph 
to the pulse lengths but also to the strength of the exter­
nally applied magnetic field B0. Thus, the line shapes of 
pulsed EDMR signals are predictable. Both expressions for 
A( t) [Eqs. (45) and (49)] have a Lorentzian shaped prefactor 
yB  1 /O  with line width B 1. Since both, the line shape factor 
yB  as well as the Rabi frequency are dependent on the 
Lande factors of the two spins, inhomogeneous distributions 
of g a and g b have to be taken into account, too. This can be 
done by convolution of the density change ( ) with the 
Larmor-frequency distributions a and b . As discussed 
already at the beginning of this Sec. V, this leads to the 
expression 32 . For the case of large Larmor separation, the 
one distribution that is out of resonance with the microwave 
frequency integrates to a factor 1 and vanishes. For the case 
of small Larmor separation, one has to distinguish two cases: 
When the g factor distribution is smaller than the microwave 
field («  — ti>L< y B  1 for all a , « b), the inhomogeneity is 
negligible since the line shape is determined by the 
B 1-induced Lorentz broadening. In the second case, when 
the g -factor distribution is broader than B 1 and the Larmor 
separation only one distribution exists for both pair partners. 
Thus, in all cases, the two integrals of Eq. 32 reduce to a 
single integral and the effective relative density change 
Aeff(r) becomes
When the results of Eq. 46 are plugged into Eq. 37 the 
relative density changes can be calculated in a similar way as 
for the case of small Larmor separation case 1 . For large 
Larmor separation, this leads to an expression
P11,44(T) P 11,44
Tr[ pS]
for the triplet state densities and
= - A ( r ) 47
f* y 2B r
Aeff( r )=  , 1--------
J y 1 B 1 + {w — d)L)
Xsin2(«- V,y1B ! + («  — (aL)2 T)d<oL , (50)
in which represents a parameter that is 1/2 and 1 in the 
cases of large and small Larmor separation, respectively. 
Equation 50 is a convolution of the inhomogeneous g fac­
tor distribution ( L) and a Lorentzian line shape, whose
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FIG. 6 . Plots of Gaussian distributed, well separated Larmor 
frequencies within the spin-pair ensemble. When the two distribu­
tions are smooth in comparison to a Lorentzian with width 2B 1, a 
magnetic field sweep of the pulsed EDMR signal measured at a 
fixed time after the end of the pulse reveals purely inhomogeneous 
broadening, with a resolution determined by B 1. Note the different 
frequency scales for the two plots.
width can be influenced by choice of the applied microwave 
radiation. When the distribution ( L) is smooth in the 
range of B 1, which means <I>(ml) j B  ^ ^ ( m l ), the state 
density change
Aeff(r) = yB  )T (y B  (51)
reduces to a product of the value of the inhomogeneous dis­
tribution at the microwave frequency and a general tran­
sient function
f y- s i n 2( a ' V l  + J t 2 )
T (a )=  ------------ -------dx  (52)
J —y- l+ x ~
in which B 1 . The line shape of the recombination
transient can be obtained from Eq. 51 , which is obviously 
proportional to the g-factor distributions <&(«). This shows 
one of the crucial advantages of the time-domain measure­
ment of spin-dependent recombination with short and strong 
pulses in comparison to the cw EDMR method which em­
ploys weak steady-state radiation. The line shape of the 
pulsed experiment reveals directly and without any incoher­
ent influences on the broadening the distribution of the 
Lande factors. Figure 6 illustrates how this measurement 
principle works in a less mathematical way. The width of the 
Lorentzian corresponds to a microwave intensity of B 1 
^0.04  mT which is a frequency width of about 1.1 MHz, 
while the inhomogeneous distributions of the two recombi­
nation centers whose shapes were assumed to be Gaussian, 
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FIG. 7. ^) The plot displays numerically obtained values for the 
function T( ). The amplitude of the Rabi oscillation reduces 
gradually due to the distribution of the Rabi frequencies. (b) The 
plot displays numerically obtained values for the function Teff( ) 
under the additional consideration of a constant B 1-field distribution 
between B ^ 0  and B ^  Bm“ . This leads to a much stronger 
dephasing.
changes depends only on a small cutout of the g-factor dis­
tribution and hence, changes of the resonant frequencies due 
to a magnetic field sweep of the B 0 field can reveal the shape 
of the respective pair distributions. In this regard it is impor­
tant to mention that the low B 1-field strength used for cw 
EDMR experiments would in principle reveal an even better 
resolution than the strong field strength used for pulsed 
EDMR. However, since radiation is imposed continuously 
onto the spin pairs in a cw EDMR experiment, broadening 
increases dramatically due to spontaneous transitions that 
take place and the advantage of the low microwave intensity 
is more than compensated.
C. Dephasing of the Rabi oscillation
The integral in Eq. 52 is a general function, which was 
not calculated analytically. Since its only parameter is 
, eff( ) of Eq. 51 is stretched antiproportionally to B 1 
on the time axis. The parameter a  itself can be considered as 
the turning angle that is induced by B 1 while T (a )  is a 
function representing the recombination response of the 
sample. Figure 7(a) displays a plot of T (a )  versus a  in the 
range between 0 and 40. The influence of the Rabi oscillation 
is clearly visible. Due to the integration over a distribution of 
oscillators, a dephasing takes place that is fast at first but 
eventually slow so that the oscillation does not vanish com­
pletely.
In addition, two other influences on Aeff(T), which are 
important for the dephasing, have to be taken into account: 
One, as mentioned above, is the distribution of spin-dipolar 
coupling. The latter can become relevant in the case of small 
Larmor separation. The second influence has an experimental 
origin: Any sample has to be connected to a current detection 
setup with wiring and an appropriate contact system. The 
latter can cause mode distortion within the cavity resonator
245105-14
THEORY OF TIME-DOMAIN MEASUREMENT OF SPIN- PHYSICAL REVIEW B 68, 245105 (2003)
and thus inhomogeneities of the B 1 field. For the description 
of T ( ), the microwave field distribution has to be taken 
into account as well. In order to illustrate the effect of such a 
microwave field distortion, a plot of the simulation assuming 
a constant B 1 distribution between 0 and an arbitrary maxi­
mum field B 1max is displayed in Fig. 7 b . Under the assumed 
conditions, the argument of the effective recombination 
change T eff( ) is defined as B 1max . One can clearly
recognize from the plot how the Rabi oscillation reflected in 
T  eff( ) has practically vanished within less than two oscilla­
tion cycles.
VI. RABI ECHOES
The fast and complex dephasing of the Rabi oscillation 
makes it difficult to obtain coherence decay times from ex­
perimental data measured under conditions such as those as­
sumed for the simulations presented above. In order to be 
able to distinguish a coherence decay from coherent dephas- 
ing due to inhomogeneities, we suggest an echo experiment 
similar to spin-echo or photon-echo experiments. Echo ef­
fects can be observed whenever macroscopic observables de­
pend on ensembles of microscopic oscillators whose eigen- 
frequencies are distributed inhomogeneously. When the 
direction of the oscillation is reversed at an arbitrary time t 
= r 180 after the dephasing has begun, a temporary rephasing, 
the actual echo, can be observed at a time t = 2 t 180. Since 
dephasing due to inhomogeneities is not present at the mo­
ment of the echo peak, the decay of the echo with increasing 
180 reflects pure coherence decay.
The idea of the Rabi-echo experiment is illustrated in Fig. 
8 . As explained in the last section, the point of departure is a 
steady state of the spin-pair ensemble where the triplet eigen­
states T  and T  have been pumped to very high den­
sities. After a resonant microwave is switched on, the Rabi 
oscillation starts and leads to the dephasing situation de­
scribed above. At the time r 180° the B 1 polarization is shifted 
by 180° without change of the field strength. The dephased 
spins then precess into the opposite direction, each at the 
same speed as before the polarization change. Thus, faster 
spin pairs propagate behind slower pairs until they catch up 
with them at the time r 180° after the polarization change and 
thus, at the time t = 2 t 180° after the radiation is switched on. 
This is the moment when the phase recovery takes place. 
Since the pulse excitation begins when the pair ensemble has 
high triplet content, a triplet recovery occurs in the moment 
of rephasing and hence, a recombination quenching. In the 
following, this temporary quenching is called “recombina­
tion echo’’ similar to the Larmor-recombination echo de­
scribed in Ref. 53. Note that the phase change is assumed to 
take place instantaneously which means that experimentally, 
the change has to occur in a low ps range for X-band micro­
wave frequencies. A requirement that can be fulfilled easily 
with pulse sources of modern pulse-ESR spectrometers.
The echo experiment outlined above can be described 
mathematically with unitary transformations, similar to the 
description of the Rabi oscillation discussed in Sec. V. In the 
moment of the phase change, the direction of the B 1 field is 
reversed. This means the direction of the Rabi oscillation
FIG. 8. The propagation of a spin-pair ensemble with large Lar- 
mor separation and an inhomogeneous distribution of the micro­
wave field B1 during an echo experiment illustrated with Bloch 
spheres in the rotating frame. The three sketches correspond to the 
steady state, the moment prior to the phase reversal at a time t 
= t 180° after the pulse begins and the moment of phase recovery t 
= 2 t180° . Note that a full phase recovery as illustrated does not take 
place in reality due the distribution of the Lande factors.
nn = n ^  as defined in Eq. (29) right after the pulsed radiation 
begins, turns to a new direction
n n = cos(<p )z'-sin(^> )x ' =
f l
B 1
I T * '  • (53)
Because of this, the spin pair that propagates according to the 
transformation V ( t ,n^ )  = V+ [see Eq. (30)] before the 
phase change, changes its motion according to the transfor­
mation V ( t ,n^ )  = T>- after the phase change and thus, the 
evolution
p (r+ + T -)  = ‘D - ( t -)T>1(t+ ) p sV + (t+)T>-(t - )  (54)
of the density operator during the consecutive pulses with 
opposite phase and respective lengths of and can be 
calculated. Equation 54 leads to a highly complicated and 
lengthy expression, even under consideration of a simple 
|T+), |T_) mixture as initial condition for p S. Moreover, 
this expression has to be convoluted again with the g-factor 
and B 1 distributions. The latter increases the complexity 
even further, without giving any new insight since the line 
shape of the recombination signal after a pulse sequence with 
phase change is just as dependent on inhomogeneous broad­
ening as without the phase change. Therefore, without
a
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a confinement of the generality, one can dramatically sim­
plify the expression of Eq. (54) by considering only 
the two cases, where either one or both pair partners are 
in the resonance range B 1 about the applied microwave 
frequency . The actual line shape can then be obtained 
from the subsequent convolution of one or both pair 
partner’s g-factor distribution with the calculated recombina­
tion transient.
1. Echoes at small Larmor separation (w a—a>b^ y B x)
When small Larmor separation is present, the Rabi fre­
quencies a,b approach the same value . At resonance, the 
angle a,b between the externally applied magnetic field B 0 
and the direction of the Rabi oscillation becomes 90° for 




























with sin( /2)cos( /2) become simple enough to be 
plugged into Eq. (54). This leads to an analytic expression 
for the relative density change,
, F , , , cos
- 2 cos
f t r+ \  4/ f t r _ \  9/ ^ r + 










right after the pulse sequence. The first contribution to this 
expression reflects the influence of Larmor oscillation which 
is of the order of 10 GHz for X-band ESR spectrometers and 
therefore much faster than the time ranges where current 
detection can take place. Therefore, the cosine function av­
erages out on the experimentally available time resolution 
and the first addend of Eq. (56)can be neglected. Note that 
the function F [ t + , t_  vanishes when either r+ = 0 or
r_ = 0. This is the reason why contributions due to Larmor 
oscillation did not appear in the last section about the Rabi 
oscillation (Sec. V) even though the same initial conditions 
were used. When the Larmor oscillation is neglected, the 
relative density change can be written as
A ( r + , r _ ) = 5/8 — 2/16cos( 2 ft r  +) — 2/16cos( 2 f t r _ )
— 3/16cos(2ft[r+ + r_ ]) 
-3 /1 6 co s(2 ft[r+ - r _ ] ) .  (57)
From Eq. (57), one can directly obtain the effective relative 
density change by multiplication with the line shape factor 
and subsequent integration over the Larmor-frequency distri­
butions. The result
Aeff( r + ,T_) = yB  )T  f V + ,a - ) 58
O jr.
0 10 20 30 40 50
a
FIG. 9. The function Tffho plotted versus the parameter a (that 
is proportional the pulse length for large and small Larmor sepa­
ration within the spin pairs. At a 180 = 17 a phase change of 180° is 
introduced leading to a recombination echo at a = ^ 180. Both 
plots were obtained under the assumption of a fast dephasing due to 
a strong Rabi-frequency distribution. Because of Larmor dephasing 
that cannot be rephased by microwave phase changes, the echo 
amplitudes are smaller than the signals at the begin of the preces­
sion (a  = 0). An important qualitative difference between the two 
cases is the additional dephasing right after the microwave phase 
change which occurs only for small Larmor separation strong spin- 
spin coupling .
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is similar to Eq. 51 . The dimensionless function
Tefcfho( , ) is defined to be
recho
eff ,
f  Bm^ A ( x a + , x a _ )
d B 1 dx  €> w( B o ----- :-----2-----  (59)
I0-*  1 + x 2
which takes Rabi-frequency distributions due to g-factor and 
B 1-field inhomogeneities into account. The variable a ± 
B 1 is defined in analogy to the definitions in Secs.
V B and V C. For the B 1 distribution, an arbitrary function 
f /liw(B 1) is assumed. Note that both r_  = 0 and thus 
= 0 as long as t +=St180° .
Equation (5 7  shows that Rabi echoes can exist: When 
Eq. 57 is convoluted with the Rabi-frequency distributions 
as done in Eq. 59 , the first three oscillating terms will 
dephase with increasing and . Dephasing also occurs 
for the fourth term, {cos(2fl[r+ —r_])}; however, when r +
, which means in the case when the second pulse with 
opposite phase is as long as the first pulse, a rephasing oc­
curs. Note that the recombination echo effect caused by the 
Rabi oscillation is much smaller than the signal itself.
For a better understanding of the qualitative behavior of 
the Rabi echo, the function T efcfho( ) is plotted in Fig. 9. This 
plot, whose argument is the sum of the two
pulse lengths variables (a _  = 0 as long as t +=£t1800), dis­
plays essentially the function in Eq. (5 7  under consideration 
of dephasing due to B 1 - and g-factor inhomogeneities similar 
to the assumptions of Sec. V. The plot reveals another inter­
esting qualitative feature of the Rabi-beat oscillation echo 
sequence: Due to the second term of Eq. (57, a second 
dephasing process starts right after the phase change is intro­
duced which gives the entire function a steplike shape. With 
the result of the calculated evolution of the spin-pair en­
semble plotted in Fig. 9, it is important to emphasize that the 
graphical Bloch-sphere illustration of the Rabi-echo experi­
ment in Fig. g has some inaccuracies: This sketch shows 
neither why the second dephasing process occurs right after 
the microwave phase change, nor does it illustrate why the 
echo is smaller than the initial signal. Remember that no 
incoherence is assumed at any point of the calculation. The 
difference between the illustration of the Rabi-echo experi­
ment and the result of the calculation in Eq. (5 7  is that the 
different Rabi frequencies which are due to a distribution of 
Larmor frequencies (because of the Lande-factor inhomoge­
neity  do not only cause a vertical dephasing in the z -y  plane 
of the Bloch sphere as shown in Fig. g, but also a horizontal 
dephasing about the z axis which is neglected in Fig. g. The 
latter cannot be rephased due to the microwave phase 
change, which is the reason why the echo amplitude is 
smaller than the signal itself.
The result in Eq. (5 7  is based on the assumption that no 
incoherence is present. This means the entire spin motion 
described takes place without the loss of a single spin pair. In 
a real experiment, recombination will take place, making the 
echo smaller the longer the microwave pulses become. 
Hence, a two pulse Rabi-echo experiment repeated for dif­
ferent phase change times is an excellent way to measure 
the coherence decay of recombining charge carriers. As long 
as spin relaxation is sufficiently slow, this coherence decay 
will reflect the recombination probability of the charge car­
riers trapped within the spin pairs.
2. Echoes at large Larmor separation (oja—ojh^ y B x)
When large Larmor separation is present, the Rabi fre­
quencies f l a and fl b are different. While the angle q>a be­
tween the externally applied magnetic field B 0 and the direc­
tion of the Rabi oscillation of the arbitrarily chosen spin a 
becomes perpendicular, the angle b of the other spin van­
ishes, which means its Rabi frequency reduces to b b
, the difference between the microwave frequency and 
its Larmor frequency. Therefore, the expressions for the two 
transformations turn into the form
Z M t+) =
____________________________ I
I f i e (i/2)(“b-"K+ 0
0 ^ e - (i/2)(tob_ "K+
( i /2) ( b 3 ) 0
e
e e
( i/2) ( b ) 
0
( i /2) ( b )




( i /2) ( b 3 )
0
( i /2) ( b )
60
0
with 7 =sm (flaT±/2) and n  = cos(flar±/2). When these 
terms are plugged into Eq. 54 , the diagonal matrix elements 
of p reveal the same spin-spin interaction independent form 
as in Eqs. 4 7  and 4g and thus, the relative density change 
becomes
, 1/2 1 1/2cos a 
1/2cos a
1/2sin a sin a cos .
61
Equation 61 is only dependent on the Rabi oscillation of 
spin a, which is not surprising, since spin b  is far out of 
resonance with the microwave radiation and the echo is com­
pletely due to the rephasing of an ensemble consisting of 
only one of the two pair partners. In this regard it is impor­
tant to mention that the dephasing oscillation has a frequency 
a , the Rabi frequency of the oscillating pair partner. The 
oscillation described in Eq. 5 7  has a frequency 2 , due to 
the motion of both pair partners or, when the spin pair is 
considered as one entity, due to the precession of a spin S 
1 .
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An expression that is indicative of Larmor oscillation ap­
pears in Eq. (61), similar to Eq. (57). This expression can be 
neglected due to the same reasons as before and just two 
oscillation terms depending on the difference and the sum of 
the pulse lengths r + and r_  remain. Both terms lead to 
dephasing oscillations when they are convoluted with the B 1 - 
and g-factor inhomogeneities. However, the term that de­
pends on the pulse-length difference is rephasable when a 
phase change of B 1 is introduced. When , the con­
tribution of cos( a ) 1 for arbitrary values of a
and thus an echo effect takes place. Since the pair partner b 
that is out of resonance does not contribute to the oscillation, 
the net recombination change ( , ) 
= y B ^ a(&>)T f W « - )  depends only on the g-factor 
distribution of spin a and the convolution of the oscillation 
function A (r+ ,r_ )  with the B 1-field inhomogeneities. The 
latter is represented by Tefcfho( ) whose dimensionless pa­
rameter was defined above. T ^ “(a ) is also illustrated in 
Fig. 9. Similarly to the pulse sequence for small Larmor 
separation, an echo effect is predicted which does not fully 
rephase all spins either. In contrast to the case of small Lar- 
mor separation, only one dephasing process right at the be­
ginning of the pulse sequence is present; no second dephas- 
ing takes place right after the phase change is introduced. 
This is a major qualitative difference between small and 
large Larmor separation and hence a distinction of strong 
and weak spin-spin coupling within the charge-carrier pair is 
possible.
VII. SUMMARY AND CONCLUSIONS
The motivation and idea of pulsed EDMR experiments on 
charge carrier recombination of semiconductors was out­
lined. Pulsed EDMR is based on the short coherent ESR 
manipulation of spin states of charge carrier pairs and the 
subsequent transient measurement of the recombination rate. 
For the description of pulsed EDMR, a general model of spin 
dependent recombination was presented under consideration 
of spin-exchange and spin-dipolar interaction, triplet recom­
bination and spin-spin relaxation. This model allows to elu­
cidate analytic expressions that make a quantitative and 
qualitative interpretation of pulsed EDMR measurements 
possible. Among the observable phenomena are Rabi- 
oscillation imprints on the photocurrent transients and the 
current detected recombination echoes which imply the pos­
sibility of coherence decay measurements. Hence, quantita­
tive information about rate coefficients of recombination 
transitions and other electronic processes can be measured 
selectively for distinct paramagnetic centers.
Due to the generality of the model for spin-dependent 
recombination, the theoretical foundation of pulsed EDMR 
presented above can provide a broad base for the quantitative 
and qualitative investigation of various electronic processes 
in different materials. Thus, pulse EDMR could provide 
new insights into the nature of charge carrier recombination 
in bulk semiconductors, semiconductor interfaces as well 
as semiconductors devices such as thin film transistors and 
solar cells.
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